INTRODUCTION 43
The bowel is constantly subject to damaging factors such as acid in the stomach and bile and proteases in 44 the small and large intestine. These aggressive factors are usually counterbalanced by protective factors 45 such as a mucus layer, high blood flow and numerous regulatory protective proteins. When this balance is 46 disrupted, through factors such as ingestion of nonsteroidal anti-inflammatory drugs (NSAIDs), alcohol or 47 6 Caco-2 cells did not express TFF1 but did express TFF3; supernatant values were 49.3 +/-3.1 pg/µg protein 107 and cell lysate 4.2 +/-0.6 per pg/µg protein. These levels of TFF3 were approximately 3-fold higher than 108 those seen in AGS cells. 109
110
Based on these results, the predominant endogenously produced TFF in both cell lines (TFF1 in the gastric 111 origin AGS cells and TFF3 in the colonic origin Caco-2 cells) was reduced using knockdown techniques 112 (18). Briefly, AGS and Caco-2 cells were stably transfected with a TFF1 or TFF3 shRNA plasmid, 113 respectively (sc-39809-SH and sc-39813-SH, respectively) or control shRNA plasmid-A (sc-108060), a 114 negative control plasmid encoding a scrambled shRNA sequence that does not result in specific degradation 115 of any known cellular mRNA. TFF1 and TFF3 shRNA plasmids are a pool of 3 target specific lentiviral 116 plasmids, each encoding 19-25nt (plus hairpin) shRNAs designed to knockdown TFF1 or TFF3 gene 117 expression and also encoding a puromycin resistance gene for selection of cells stably expressing shRNA. 118
Both plasmid constructs, and the shRNA transfection reagent (sc-108061) were purchased from Santa Cruz 119 Biotechnology, Inc. 120 121 TFF3 RNA interference knockdown in Caco-2 cells resulted in TFF3 protein expression being reduced by 122 70% (p < 0.01 vs. non-transfected or scrambled controls, Fig 1A) . 123
Similarly, TFF1 RNA interference knockdown in AGS cells resulted in TFF1 protein expression being 124 reduced by 72% (p < 0.01 vs. non-transfected or scrambled controls, (supplemental Fig 1A) . 125 126 Study series 1. Effect of TFF knockdown on cellular permeability during osmotic challenge. 127
Background to methods:
To determine the effect of TFF peptides on cellular fluidity, the influence of TFF 128 knockdown on changes in cellular permeability when challenged with a variety of osmotic stresses were 129 determined using two different methods modified from published methods (19). One measured changes in 130 fluorescence quenching and the other changes in cell diameter following exposure to changes in extra 131 cellular osmolarity caused by adding various concentrations of mannitol. 132 133 Fluorescence-quenching assay -AGS cells, AGS cells transfected with control shRNA or TFF1 shRNA 134 (1250 cells/ml) and Caco-2 cells, Caco-2 cells transfected with control shRNA or TFF3 shRNA (2500 135 cells/ml) were seeded on black, clear bottomed plates (Corning) and grown for 2 days. Cells were washed in 136 normal growth medium 1 hour before loading with 1 mM calcein-AM in isotonic assay buffer (0.8 mM 137
MgSO 4 , 5 mM KCl, 1.8 mM CaCl, 25 mM Na-HEPES, pH 7.4 with HCl, 188 mM Mannitol, 5 mM 138 probenecid) for 1 hour at 37 0 C. Calcein AM is a cell-permeant dye; nonfluorescent calcein AM is converted 139 to a green-fluorescent calcein after hydrolysis by intracellular esterases. Calcein fluorescence was measured 140 on a Fluostar Optima plate reader (BMG Labtech) at 485 nm excitation and 520 nm emission. The assay 141 buffer was replaced with hypotonic buffer by reducing the mannitol concentration (0 -90 mM) or As results from study series 3 suggested changes in AQP3 were particularly sensitive to TFF levels, we 213 investigated the relevance of AQP3 on TFF-induced migration. Non-transfected AGS and Caco-2 cells were 214 9 incubated in serum free medium alone (negative control), in the presence of TFF1 or 3 (1µM), medium 215 containing FCS (positive control) all with and without the specific AQP3 inhibitor, copper sulphate (500 216 µM)(24). (Fig 1B) . Similar results were seen in AGS + shTFF1 cells with significantly 232 smaller changes in fluorescence signal seen when exposed to hypo or hypertonic solutions compared to 233 scrambled controls (Supplemental Fig 1B) . 234
235
Cell diameter -For both Caco-2 and AGS cells, native, scrambled knockdown and TFF knockdown cells 236 had no significant difference in cellular diameter when assessed in isotonic assay buffer (180 mM, Fig 1C  237 and supplemental Fig 1C) . However, when cells were added to buffer containing increased concentrations 238 of mannitol, the diameter of the cells transfected with relevant TFF shRNA reduced significantly less (p < 239 0.001) compared to untransfected cells or those transfected with relevant control shRNA. Equivalent 240 reciprocal results were seen when cells were placed in low mannitol concentrations (Fig 1C and  241 supplemental Fig 1C) . Transfection with either control shRNA, TFF3 shRNA or TFF1 shRNA had no effect on proliferation under 250 baseline conditions or in the presence of 10% FCS (data not shown). 251
252
Cell migration -Transfection of Caco-2 cells with shTFF3 caused a 25% reduction in baseline migration 253 (incubated in medium alone) compared to native or scrambled control transfected cells. However, in the 254 presence of FCS, the rate of migration of ShTFF3 transfected cells was similar to native and scrambled 255 controls (Fig 2A) . Equivalent results were seen in AGS cells transfected with shTFF1 (supplemental Fig  256   2A) . 257 258
Transepithelial permeability of Caco-2 cells. 259
Transepithelial electrical resistance -Control wells, containing no cells, had a resistance of 94.8 +/-0.6 260 Ohms. Native Caco-2 cells and those transfected with scrambled control shRNA had a similar baseline 261 TEER (617.3 +/-2.3 and 617.5 +/-1.9 Ohms, respectively) and remained stable during the 6 h of study 262 (with maximal change being <1 Ohm in any well over this 6 h period). In contrast, baseline resistance seen 263 in TFF3 shRNA transfected cells was significantly lower (603.6 +/-0.9 Ohms, p<0.01) and remained stable 264 at this lower level throughout the 6 h assessment period (with maximal change being <1 Ohm over the 6 h 265 period). 266 267 HRP trans-epithelial permeability -Caco-2 cells monolayers transfected with TFF3 shRNA were 268 significantly more permeable to HRP with a 44% increase compared to non-transfected Caco-2 cells or 269 those transfected with scrambled control shRNA (Fig 2B, P<0.01) . 270 271
Study series 3: Relevance of TFF peptides to AQP protein expression 272
Addition of TFF1 or 3 to native Caco-2 cells caused marked increases in AQP3 (about 57% increase) and 273 AQP5 (about 20-30% increase) with smaller increases (in absolute terms) in both AQP4 and 9 (Table 1) . 274
This degree of change in AQPs was similar to that of the positive control, EGF. Similar changes were seen 275 in native AGS cells, incubated with TFFs, the most marked effects were to increase AQP1, 3 and 5, with 276 smaller increases in AQP 4 and 9 (Table 1) . 277 For both Caco-2 and AGS cells, addition of the relevant TFF peptide or FCS (positive control) caused an 285 approximate doubling of the rate of migration (Fig 3A + B) . Co-presence of the AQP3 blocker CuSO 4 286 reduced TFF-stimulated migration to baseline levels in both cell lines (Fig 3A + B) We have shown that TFF peptides, which are produced rapidly at sites of injury, increase cellular fluidity 291 thereby increasing the cells ability to rapidly change shape. We also showed these effects are mediated, at 292 least in part, through altering AQP levels and that TFF-induced cell migration is inhibited by the presence of 293 a specific AQP3 inhibitor. 294 TFF peptides play an important role in maintaining gut integrity through stabilising the mucous layer and 295 stimulating repair at sites of injury by being rapidly upregulated and enhancing the restitutive process. 296
Exogenous administration of TFF peptides or site specific transgenic overexpression models have been 297
shown to be protective in a variety of gastric, small intestinal and colonic models (5, 6, 7). Similarly, 298 knockout models have been shown to have increased sensitivity to damaging agents (8). 299 300 Two human carcinoma cell lines, AGS of gastric origin and Caco-2 of colonic origin, were selected to 301 reflect the distribution of trefoil peptides in the human gut and to prevent interspecies confounding factors. 302
Ours and other groups have previously used these cell lines to examine the actions of other regulatory 303 peptides in relation to gut repair (20, 25) although caution always has to be shown in extrapolating results 304 obtained from in vitro cancer cell lines to the non-cancer situation. 305
306
We confirmed previous findings that AGS cells produce and secrete TFF1 (also known as pS2) and to a 307 lesser extent TFF3 (also known as intestinal trefoil factor), whereas Caco-2 cells produce TFF3, reflecting 308 the situation seen in the normal human gut (26). RNA knockdown against the predominant TFF produced in 309 each cell was used and shown to reduce intrinsic levels of TFF by about 70%. 310 311 Whatever the initiating cause of damage, repair occurs through well-regulated processes involving an initial 312 migratory (restitutive phase) which starts within minutes following injury to close the denuded area. This is 313 especially important in the gastrointestinal tract to reduce secondary inflammatory processes caused by the 314 luminal contents. It is only 24-48 h later that proliferation increases to reproduce the lost cells (1, 2) . 315 316 For cells to migrate, cytoskeletal changes occur which allow plasma membrane protrusions to form by actin 317 reorganization, consisting of spike-like filopodia, and broad lamellipodia, providing a foundation for the cell 318 to move forward. Changes in cell volume along with the formation and retraction of these protrusions 319 occurs extremely rapidly, within seconds to minutes (27), comparable to the time course for osmotic cell 320 swelling seen after a rapid decrease in extracellular osmolality (27) (28) (29) . The newly extended protrusions 321 adhere to the extracellular matrix through integrins, with traction forces being generated at these adhesion 322 sites by myosin II interaction with actin. 323
324
Given that the speed of changes in cellular structure occur so rapidly, it seems likely that this process is 325 dependent on rapid water flux in and out of the cell, an idea supported by the fact that migration can be 326 modulated by changes in extracellular osmolality and transcellular osmotic gradients (28). We, therefore 327 examined the effect of TFF on cellular permeability to osmotic challenge as a surrogate marker of this 328 effect. Two complementary well validated models examining cellular fluidity response to osmotic 329 challenge were used (19). Fluorescence analyses allows assessment of cellular permeability in cells which 330 remain adherent whereas measurement of cell diameter required trypsinization prior to osmotic challenge. 331
Both showed that knockdown of endogenous production of TFF1 in AGS cells and TFF3 in Caco-2 cells 332 caused a reduction in the cells ability to respond to osmotic changes in the extracellular environment. 333
334
Having shown that TFF modulates cellular permeability, we went on to examine if this effects may be 335 mediated by TFF influencing AQP levels. AQPs are a family of transmembrane transporter proteins and are 336 subdivided into 3 groups based on their functional characteristics (i) orthodox AQPs (AQP1, 2, 4 and 5) 337 which are selectively permeable for water; (ii) aquaglyceroporins (AQP3, 7, 9 and 10), which are permeable 338 to glycerol, urea and other small solutes in addition to water and (iii) unorthodox AQPs (AQP6, 8, 11 and 339 12) , with peculiar intracellular localization and functions (for review see 30). We focussed on AQP3 due to 340 its localisation on the membranes of gastric and intestinal cells (14) and the fact that cell AQP3 knockdown 341 and mouse knockout models resulted in reduced migration, lammelapodia formation and increased 342 sensitivity to injury (13, 15) . 343
344
The results from both knockdown and exogenous administration of TFF peptides showed that TFF peptides 345 stimulated AQP production, particularly AQP3. This is likely to be the mechanism by which TFF increased 346 cellular permeability to osmotic challenge. In contrast, our findings of decreased epithelial resistance in 347 TFF knockdown cells, as determined using TEER and HRP permeability across monolayers is not explained 348 by changes in AQP levels as HRP is too large a molecule to pass through AQP channels. Lin et al have 349
shown that TFF3 overexpression in Caco2 cells upregulated the expression of ZO-1, occludin and claudin-P 350 
